Bleomycin (BLM) is a glycopeptide anticancer drug that effectively carries out single-and double-stranded DNA cleavage. Activated BLM (ABLM), a low-spin ferric-hydroperoxide, BLM-Fe III -OOH, is the last intermediate detected before DNA cleavage. We have previously shown through experiments and DFT calculations that both ABLM decay and reaction with H atom donors proceed via direct H atom abstraction. However, the rate of ABLM decay had been previously found, based on indirect methods, to be independent of the presence of DNA. In this study, we use a circular dichroism (CD) feature unique to ABLM to directly monitor the kinetics of ABLM reaction with a DNA oligonucleotide. Our results show that the ABLM ؉ DNA reaction is appreciably faster, has a different kinetic isotope effect, and has a lower Arrhenius activation energy than does ABLM decay. In the ABLM reaction with DNA, the small normal k H/kD ratio is attributed to a secondary solvent effect through DFT vibrational analysis of reactant and transition state (TS) frequencies, and the lower E a is attributed to the weaker bond involved in the abstraction reaction (C-H for DNA and N-H for the decay in the absence of DNA). The DNA dependence of the ABLM reaction indicates that DNA is involved in the TS for ABLM decay and thus reacts directly with BLM-Fe III -OOH instead of its decay product.
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non-heme iron ͉ kinetics ͉ isotope effects ͉ reactivity B leomycins (BLMs) (Fig. 1 ) are a group of glycopeptide antibiotics that are used clinically to treat Hodgkin's lymphoma, head and neck tumors, and testicular cancer (1) (2) (3) (4) . Activated BLM (ABLM), a low-spin ferric hydroperoxide complex, BLM-Fe III -OOH, (5-7) is the last intermediate detected before DNA strand cleavage (8, 9) . ABLM can be formed from the reaction of Fe II BLM with O 2 and one additional electron (8, 10) . Through deuterium and tritium labeling studies, it was established that DNA cleavage involves H atom abstraction from the C4Ј of the deoxyribose sugar (11, 12) . O 18 isotope studies indicated that O-O bond cleavage is in the rate-determining step (13) . We have recently provided strong experimental and computational evidence that ABLM decay and reactions with H atom donors proceed via H atom abstraction by the low-spin ferric hydroperoxide (14) . However, an alternative mechanism that parallels heme chemistry was recently reemphasized, where BLM-Fe III -OOH is protonated and decays to produce the H atom abstracting species, BLM-Fe V AO, via heterolytic cleavage of the O-O bond (15) . This heterolytic cleavage mechanism would not show a dependence on H atom availability and would appear to be ruled out by the fact that the decay of ABLM is accelerated by H atom donors. However, the rate of ABLM reaction with DNA as the substrate had been experimentally observed to be very similar to that in the absence of DNA (8) . In those experiments, the rate of the ABLM reaction was studied by using primarily the indirect method of quantitative analysis of DNA product. We have defined a method to directly monitor the decay of ABLM in real time by using a circular dichroism (CD) feature specific to ABLM at 450 nm (Fig. 2 Inset) (14) . In this study, we apply this method to evaluate the kinetics of the reaction of ABLM with a 10-bp DNA oligonucleotide.
Results and Discussion
A past study showed only small differences in the rates of ABLM decay and its decay when bound to DNA (t 1/2 Ϸ 120 and 105 s, respectively), (8) leading to the proposal that decay of ABLM produces the species involved in H atom abstraction from DNA. In contrast, by using the CD feature at 450 nm to monitor the time course of the reaction, we find that the ABLM reaction with DNA in fact proceeded appreciably faster (2.5 times) in the presence of DNA ( Fig.  2 and Table 1 ). Additionally, our experiments show that the ABLM ϩ DNA reaction exhibits a relatively small, normal kinetic isotope effect (KIE) of 1.7 Ϯ 0.2 compared to the KIE 3.6 Ϯ 0.9 observed for ABLM decay (14) . Furthermore, temperature-dependent kinetic experiments give an activation energy (E a ) of 4.7 Ϯ 0.9 kcal/mol for the ABLM ϩ DNA reaction compared with 9.3 Ϯ 0.9 kcal/mol for the ABLM decay (14) . Therefore, our results show that DNA is involved in the rate-determining step of ABLM decay.
A series of control experiments were conducted to ensure that the reaction studied kinetically did indeed involve ABLM bound to DNA. First, complete binding of Fe II BLM to DNA oligonucleotide was confirmed by near-IR magnetic CD (MCD), which shows different spectra in the presence and absence of DNA (Fig. 3A) . Second, the formation of ABLM upon addition of oxygenated buffer to the Fe II BLM-DNA complex was confirmed by using EPR (Fig. 3B ). § Third, colorimetric 2-thiobarbituric assay ( 532 ϭ 1.58 ϫ 10 5 mM Ϫ1 ⅐cm Ϫ1 ) of the product mixture was positive for base propenals produced during DNA cleavage (Fig. 3C) . The BLM- based product was also identified by EPR and UV-visible CD as low-spin Fe III BLM ( Fig. 3 B and D) . The fact that the rate, KIE, and activation energy of the ABLM ϩ DNA reaction are all different from those for ABLM decay demonstrates that DNA is a substrate for BLM-Fe III -OOH rather than for a subsequent decay product (i.e., BLM-Fe V AO). The reaction of ABLM with the oligonucleotide was measured in H 2 O and 2 H 2 O buffer to obtain the KIE (k H /k D ϭ 1.7 Ϯ 0.2). Because the CЈ4-H is not labile to solvent-exchange, the isotope effect would appear to be attributed to the H/D exchange of the H on the O dis of the hydroperoxide unit, as shown in Fig. 4 .
The small magnitude (1.7) is consistent with a secondary KIE, which results when bond cleavage occurs adjacent to the isotopically substituted position, due to changes in force constant to the isotope in going from reactants to the transition state (TS). The magnitude of 2°KIEs associated with the mechanism in Fig.  4 can be estimated through vibrational analysis of isotopically substituted bonds by using the Streitweiser approximation (16) .
where h is Planck's constant, c is the speed of light, k is Boltzmann's constant, T is temperature, is the TS frequency, and is the ground state vibration frequency. (14) . The calculations show that, in addition to the O-H/D stretching mode, the OO-H/D in-plane (ip) and OO-H/D out-of-plane (op) bending modes are also significantly affected by H/D isotope substitution (Fig. 5) . The frequencies of bending modes have been shown to contribute significantly to the normal secondary isotope effect observed for S N 2 reactions in alkyl and ethyl halides (17) (18) (19) (20) . In our computational model, the O-H stretch and OH ip bend are clean modes that are easily mapped in the H/D-substituted reactant and TS complexes. IEs are listed in Table 2 .
The frequency of the O-H stretch does not significantly change in going from reactants to TS and thus only has a small, normal contribution to the overall isotope effect. The frequency of the OO-H ip bend, however, decreases substantially from 1,310 to 640 cm Ϫ1 due to the elongation of the O-O bond (from 1.5 to 2.7 Å) in the TS (14) , and gives a significant normal secondary isotope effect of 1.55. The OO-H op bend increases slightly from 420 cm Ϫ1 in reactant to 520 cm Ϫ1 in TS and contributes a small inverse isotope effect of 0.93. The product gives a total secondary KIE of 1.47 at 293 K, which is in reasonable agreement with the experimental value (1.7 Ϯ 0.2).
It should be noted that in our TS model, the O dis -H of the Fe-hydroperoxide is H-bonded to the O3 of the sugar ribose (O dis OO3 ϭ 2.8 Å) (Fig. 6 Right), whereas, in the reactants model where the sugar is optimized at van der Waals distance from the ABLM, this H bond is longer and weaker (O dis OO3 ϭ 3.45 Å) (Fig. 6 Left). The presence of this H bond influences the frequencies of the OO-H bends and thus the 2°KIEs [supporting information (SI) Table S1 ]. In our DFT calculations, removal of the O dis OH⅐⅐⅐O3 H bond (by omitting the sugar molecule) from both reactants and TS gives a 2°KIE of 1.7; removal from TS only results in 2°KIE ϭ 1.8; and removal from the reactants only gives 2°KIE ϭ 1.3. Our computational model likely underestimates the strength of the O dis OH⅐⅐⅐O3 H bond in the reactants-the NMR structure of BLM-Co III -OOH shows a shorter O dis OO 3 bond (2.9 Å) (21)-and, hence, underestimates the 2°KIE (calculated ϭ 1.47 vs. experimental ϭ 1.7 Ϯ 0.2).
This DFT vibrational analysis was also applied to the ABLM ϩ DNA reaction where the C4Ј position on the ribose sugar was H/D labeled. In this case, we considered only the C-H stretch and estimated the primary KIE for C-H cleavage to be 2.61, ¶ within the broad range observed for the cleavage of 2 H-labeled DNA (k H /k D of 2-7) (11). The combined calculated 1°and 2°KIE is 3.8, which is consistent with that observed for the decay of ABLM (Table 1) .
ʈ Based on observed KIEs, we had previously proposed that in the absence of substrate, ABLM abstracts a H atom from an amide N-H on the peptide linker region of the BLM tail. The Arrhenius activation energy (E a ) of this process is 9.3 kcal/mol, which is Ϸ5 kcal/mol higher than the E a for the DNA reaction (Table 1 ). One apparent difference between these two reactions is the strength of the X-H bond cleaved during H atom abstraction by ABLM. The C-H bond (BDE Ϸ 92 kcal/mol) cleaved in ABLM ϩ DNA is weaker than the N-H bond (BDE Ϸ105 kcal/mol) (22) , which would be cleaved in this model for ABLM decay, leading to a lower reaction energy (⌬E rxn ) for the ABLM ϩ DNA reaction. The activation barrier for a reaction can be expressed in terms of the intrinsic barrier (when the reaction has no driving force) and a contribution arising from the energy differences between reactants and products (23) . This relationship between activation barrier (E a ), intrinsic barrier (⌬E 0 ‡ ), and reaction energy (⌬E rxn ) is given by the Marcus equation (24):
The ⌬E 0 ‡ values for the ABLM ϩ DNA and ABLM decay reactions were calculated by using the experimentally determined E a values, and the 13 kcal/mol energy difference of the C-H and N-H bond in the reaction energies in Eq. 2. These results are given in Table 3 for an ABLM ϩ DNA reaction energy of Ϫ7 kcal/mol. The calculated ⌬E 0 ‡ for ABLM ϩ DNA and ABLM decay is very similar (8 vs. 6 kcal/mol), indicating that the difference in the experimentally determined E a values likely reflects the difference in reaction energies associated with the BDEs of the C-H vs. N-H bond cleaved. This is the case for values of ⌬E rxn below Ϫ3 kcal/mol for the ABLM ϩ DNA reaction, although it should be noted that, as ⌬E rxn becomes more exothermic, the ⌬E 0 ‡ increases. For the ABLM ϩ DNA reaction, where BLM-Fe III -OOH ϩ H-C-(DNA)3 BLM-Fe IV AO ϩ • C-DNA ϩ H 2 O, our DFT calculations [B3LYP/6-311G* for optimization and B3LYP/6-311ϩG** and polarized continuum model (PCM) ϭ 4.0 for a single point calculation] give ⌬E rxn of Ϫ2 kcal/mol † † , suggesting that the ABLM ϩ DNA reaction likely has a low driving force and intrinsic barrier. ¶ DFT frequencies for sugar and TS(ABLM ϩ sugar), where C4Ј-H/D:TS C-H ϭ 1,758 cm Ϫ1 and C-D ϭ 1,338 cm Ϫ1 ; difference ϭ Ϫ420 cm Ϫ1 . For the reactant sugar C-H ϭ 3,904 cm Ϫ1 and C-D ϭ 2,278 cm Ϫ1 ; difference ϭ Ϫ816 cm Ϫ1 .
ʈ Only the zero point energy term is presented above. The mass-moment of inertia and vibrational excitation terms have values of unity when calculated by using the frequencies of the OH stretch and OO-H bends. Whereas the E a values for the two reactions in Table 3 are quite different, their rates only differ by a factor of 2.5 (Table  1) . Thus, the ⌬G are similar (19.5 vs. 19 .0 kcal/mol, Table S2 ) and there is apparently a difference in entropy between the two reactions (27, 28) . Indeed, Eyring plots of the temperaturedependent kinetic data yield significant T⌬S terms of Ϫ10 and Ϫ14 kcal/mol at 293 K for ABLM decay and ABLM ϩ DNA reaction respectively (Fig. S1 and Table S2 ), ref lecting a different decrease in entropy in going from reactant to TS. The T⌬S for the ABLM ϩ DNA reaction is more negative and indicates that the ABLM ϩ DNA TS is more ordered than that for ABLM decay. The lower activation barrier observed for the ABLM ϩ DNA reaction (4.7 kcal/mol vs. 9.3 kcal/mol for ABLM decay) is consistent with an earlier, tighter TS (29 -32) .
In summary we have shown through differences in rate, isotope effect, activation energies, and T⌬S, that the ABLM ϩ DNA reaction is different from that of ABLM decay. These results strongly support a mechanism in which BLMFe III -OOH directly, rather than through a species produced by its decay, reacts with DNA through H atom abstraction and demonstrates that non-heme Fe can be very different from heme in reactivity.
Materials and Methods
Experimental Details. Preparation of Fe II BLM-DNA. Ferrous BLM was prepared as previously described (14, (33) (34) (35) . Oligonucleotides [10 bp; 5Ј-d(GGAAGCT-TCC) 2-3Ј] from Operon DNA were dissolved in Hepes buffer (100 mM, pH 7.4) and heated in a 90°C sand bath for 5 min to anneal the single strands. The cooled DNA solution was then added to Fe II BLM to form the Fe II BLM-DNA complex. Stock solutions contained 5 mM Fe II , 5.6 mM BLM, and 6 -7 mM oligonucleotide. Kinetics. A small amount of anaerobic Fe II BLM-DNA stock solution was injected into a Teflon-capped cell and brought to the CD instrument (J810 spectropolarimeter; Jasco). A larger volume of aerobic buffer was injected into the cuvette to initiate the reaction. The reaction was performed in H 2O and 2 H2O. Constant reaction temperatures were maintained by using a circulating water bath. All reactions were run in triplicate. MCD spectroscopy of Fe II BLM-DNA. Deuterated glycerol was added anaerobically to the Fe II BLM-DNA to give a final 60% (vol/vol) mixture, which was injected into an MCD cell and quickly frozen in liquid N 2. Near-IR MCD data (2,000 -600 nm) was collected at 5K and 7T on a J200 CD spectropolarimeter (Jasco) fitted with an SM4000 -7T superconducting magnet (Oxford). X-band EPR. Spectra were obtained on a EMS spectrometer (Bruker), ER 041XG microwave bridge, and ER 4102ST cavity. Samples were run at 9.4 GHz at 77 K. Fe II BLM ϩ DNA was frozen anaerobically then thawed aerobically and allowed to react with atmospheric O2. The samples were refrozen and EPR spectra were collected at consecutive time intervals of 34, 104, and 404 s. DNA product analysis. Base propenals produced during the ABLM ϩ DNA reaction were quantified by using the 2-thiobarbituric acid assay according to published procedures (8) .
Computational Details. DFT calculations were performed by using the Gaussian 03 package (36) . Frequency calculations (B3LYP and Lanl2DZ) were performed on previously optimized small models of reactant [ABLM and sugar] and TS [ABLM ϩ sugar] from ref. 14. To estimate the localized Odis-H ip and op bending frequencies, the H was manually moved in Ϯ5°increments along the ip or op normal modes, and single point calculations were performed. The energies were fit to a parabola to obtain the force constant and frequency. Reaction energies were calculated by B3LYP/6 -311G*//B3LYP/6 -311ϩG** scheme. Solvation effects were accounted for by using the PCM with dielectric constant ϭ 4.0). † † DFT calculated reaction energy depends on the functional used (25) and can vary by Ͼ10 kcal/mol (26). 
